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INTRODUCTION 
Fiber optic sensors have emerged as important sensing devices for the detection of a 
broad range of physical parameters. In many applications they offer a number of advantages 
over traditional sensing elements, including small size, light weight, immunity to 
electromagnetic interference, and the ability to operate at elevated temperatures [1]. Fiber 
optic sensors when configured for the detection of ultrasound have potential for use in 
nondestructive evaluation applications. However, a drawback associated with fiber optic 
ultrasound sensors is their lower sensitivity when compared to traditional piezoelectric 
transducers. In this work, the sensitivity of an embedded fiber optic Fabry-Perot ultrasound 
sensor has been investigated. 
Ultrasound generated by a piezoelectric transducer has been detected using a fiber 
optic sensor embedded in an epoxy plate. The minimum detectable phase shift of the 
embedded sensor was measured and compared to the value calculated from consideration of 
the photodetector shot noise limit. The generated ultrasonic pulse was also detected on the 
opposite surface of the plate in a noncontact manner using a Fizeau interferometer. This 
provided an absolute measure of the surface displacement which was used to estimate the 
ultrasonic displacement at the embedded fiber sensor. The smallest displacement which 
could be detected by the fiber sensor above the noise floor was also estimated. 
THEORY 
The minimum phase shift which can be detected using an embedded fiber optic 
sensor is determined by the noise floor of the system and results when the signal amplitude 
is equal to the noise amplitude (i.e. Signal to Noise Ratio= 1). The sources of noise in a 
typical path stabilized interferometer can include contributions from the laser, the stabilization 
electronics, and the photodetector [2]. Fluctuations in the power and wavelength ofthe light 
source contribute to undesirable intensity variations at the photodetector which increase the 
total noise in the system [3]. Consequently, it is of interest to minimize these effects through 
the use of an appropriate laser. Another potential source of noise is the stabilization 
electronics which must maintain the most sensitive operating point of the interferometer 
(quadrature) in the presence of low frequency (<500Hz) mechanical and thermal strains. 
The sources of noise associated with the photodetector can include thermal noise and shot 
noise [4]. The system noise from the laser, stabilization electronics, and photodetector can 
theoretically be completely eliminated through appropriate measures with the exception of the 
shot noise [5]. Consequently, shot noise represents the fundamental factorthat limits system 
performance. 
Equations: The light intensity reflected from a low finesse Fabry-Perot, or Fizeau, 
interferometer as a function of the phase shift in the sensing region is given as [6] : 
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(1) 
where Pr is the intensity reflected from the sensor, P, is the incident intensity, R is the 
reflectivity of the mirrors, r is the fringe visibility, and <1> is the phase shift of light. The 
light phase shift in the sensing region is a function of a number of parameters: 
(2) 
where .e is the gauge length of the sensor, v is the frequency of light, n is the refractive 
index of the sensing region, c is the speed of light in a vacuum, and f.. is the wavelength of 
light. lt should be noted that phase shifts induced along the gauge length of a fiber optic 
sensor occur not only through changes in the length of the sensing region but also through 
strain induced changes in the refractive index of the fiber. Consequently, an embedded fiber 
optic sensor in general does not provide an absolute measure of displacement. This is in 
contrast to a bulk optic interferometer configured for the detection of surface displacements 
which is only sensitive to changes in length of the optical path and provides an absolute 
measure of displacement. 
If the phase shift of light in the sensing region is expressed as the sum of a static 
phase shift and a modulation phase shift, Eq. (1) can be rewritten as: 
(3) 
where <l>o is the static phase shift, and d<l> is the modulation phase shift. Furthermore, when 
d<l><<l and the interferometer is stabilized at quadrature at <l>o=1t/2, the reflected intensity as 
a function of phase shift can be expressed as: 
(4) 
lt should be noted that the frrst term in Eq. (4) is the average optical intensity incident upon 
the photodetector, while the second term is the ultrasound-induced modulation of the signal 
intensity. 
Embedded fiber optic interferometer: Ultimately, the quantity of interest for an 
embedded fiber optic sensor is the modulation phase shift. Rearranging the signal intensity 
term in Eq. (4) yields the following expression for the modulation phase shift, where the 
light intensity upon detection by a photodiode can be expressed in volts as: 
(5) 
where avr is the modulation in volts due to the ultrasonic signal, and vo is the voltage offset 
representing the quadrature point. 
Fizeau interferometer for surface displacements: An expression for the surface 
displacement measured using a path stabilized Fizeau interferometer can be determined by 
combining Eq. (2) with Eq. (5) and assuming that the refractive index of air, n=l, is 
constant during the measurement. The phase shift occurs solely from changes in the length 
of the optical path and the resulting displacement is expressed as: 
df = !:_( avr ) 
41t rvo 
(6) 
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where a.e is the surface displacement. It should be noted that the surface displacement 
resulting from a normally incident ultrasonic pulse is twice the ultrasonic displacement in the 
bulk medium. This is because the incident and reflected wave at the free surface have the 
same phase and the displacements associated with each wave add at the free surface [7]. 
Shot noise lirnited phase shift: The shot noise lirnited minimum detectable phase shift 
for a path stabilized interferometer has been investigated by Wagner [8]. The following 
expression for the signal to noise ratio (SNR) of a path stabilized interferometer results by 
dividing the root-mean squared signal current from the photodetector by the root-mean 
squared noise current [9] : 
(7) 
where 11 is the photodetector efficiency, h is Planck's constant, v is the frequency of light, 
Bis the bandwidth ofthe measurement, P518 is the signal intensity, and Pis the averagelight 
intensity on the detector. The averagelight intensity and signal intensity given in Eq. (4) can 
be expressed as follows: 
P=2RP 1 (8) 
Substituting these terms into Eq. (7) and rearranging yields the following expression for the 
shot noise lirnited minimum detectable phase shift, o<l>sNL, (setting the SNR= 1 ): 
().+. _ _!_ ~ hvB 
'I'SNL - r 11RP, (9) 
Typical values for the quantities in Eq. (9) are provided in Table 1 and the consequent shot 
noise lirnited rninimum detectable phase shift is: 2.2 X 10"7 rad/ -JHz 0 The fringe visibility r 
provided in Table 1 was measured for the embedded fiber optic sensor used in the 
experiment. Further details conceming the experiment are provided in the following section. 
EXPERIMENT 
Several measurements were performed to deterrnine the smallest ultrasonically 
induced phase shift which could be detected using our embedded fiber optic ultrasound 
sensor. The magnitude of the ultrasonic displacement which induced the measured phase 
shift was estimated by measuring the surface displacement opposite the generation site using 
a noncontacting Fizeau interferometer. This surface measurement was then related to the 
ultrasonic displacement at the sensor. 
Table 1: Values used for the calculation ofthe shot noise lirnited detectable phase shift. 
h 6.623 X 10·o· W s" 
V 3.85 x 10'~ Hz 
11 0.7 
R 5% 
r 0.32 
P, 1.5mW 
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Figure 1: Schematic of the experimental setup for ultrasound detection using an embedded 
fiber optic sensor. 
A 0.5" diameter 5.0 MHz piezoelectric transducer (Panametrics) was placed in 
contact with the epoxy plate directly above the embedded fiber optic sensor and driven with a 
voltage spike from a commercial pulser/receiver (Panametrics Model 5072 PR) to generate 
ultrasound. It should be noted that even though the embedded fiber optic sensor and the 
Fizeau interferometer were used to detect ultrasound in two separate measurements, the 
piezoelectric transducer was not removed and then replaced between measurements. 
Consequently, the coupling between the transducer and the epoxy plate was assumed to 
remain the same for both measurements. 
Embedded fiber QPtic interferometer: A schematic of the experimental setup for 
ultrasound detection using an embedded fiber optic sensor is shown in Figure 1. Light from 
an extemal cavity diode Iaser (New Focus at 780 nm) passes through an optical isolator and 
is coupled into an ordinary single mode fiber. The light is guided toward an intrinsic fiber 
optic Fabry-Perot sensor (1 cm gauge length) embedded in an epoxy plate (6" x 6" x 112") 
using a 2x2 optical coupler. Light reflected back from the embedded sensor is directed 
toward a photodiode (New Focus Model1801). The photodiode detects both the low 
frequency intensity variations ( < 500 Hz) associated with sensor drift and the high 
frequency intensity variations (500kHz - 10 MHz) related to ultrasound. The embedded 
fiberinterferometerwas maintained at its most sensitive operating point, quadrature, using 
an active homodyne stabilization technique which tuned the laser frequency to compensate 
for sensor drift [10]. 
The magnitude of the induced phase shift is determined by comparing the signal 
amplitude of interest to the interferometer fringe using Eq. (5). lt should be noted that the 
quadrature offset voltage, V0 , in Eq. (5) is simply the offset voltage measured at the 
quadrature point of the response curve. 
Fizeau interferometer for surface displacements: The system displayed in Figure 1 
was reconfigured for the detection of surface displacements with the Fizeau interferometer 
displayed in Figure 2. The sensing region of the Fizeau interferometer is formed by 
reflections which occur at the glass/air interface of the focusing grin lens and light reflected 
from the epoxy surface. The epoxy surface was coated with a metallic paint to increase the 
light intensity reflected from the surface. 
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Figure 2: Schematic of a Fizeau Interferometer for the measurement of surface 
displacementso 
The Fizeau interferometer operates on principles which are similar to those of the 
embedded fiber optic sensor, with the exception that the Fizeau interferometer is only 
sensitive to changes in the length of the sensing cavity as the refractive index of air is 
assumed constant. It should be noted that the Fizeau interferometer was also maintained at 
its quadrature point by actively tuning the Iaser frequency 0 The magnitude of the surface 
displacement is determined by comparing the signal amplitude of interest to the Fizeau 
interferometer fringe amplitude using Eqo (6)o The distance between the embedded fiber 
sensor and the face of the epoxy plate was measured to be 005 cm and needs to be considered 
when estimating the displacement at the embedded fiber sensoro 
RESULTS AND DISCUSSION 
Embectcted fiber QPtiC interferometer: The ultrasonic pulse detected by the embedded 
fiber optic sensor is displayed in Figure 30 It should be noted that this signalwas acquired 
over a bandwidth of 20 MHz without signal averagingo In order to convert the measured 
ultrasonic amplitude to an optical phase shift, the full interferometer fringe was measured by 
ramping the Iaser frequency and is seen in Figure 40 The quadrature offset voltage, V0 , is 
seentobe 1025 mV and the fringe visibility, r, was calculated tobe 0.320 Consequently, 
the 45 m V ultrasonic signal in Figure 3 corresponds to an optical phase shift of 0014 rado 
Additionally, the noise amplitude in Figure 3 is seentobe approximately 3 mV which 
corresponds to an optical phase shift of Oo009 rado Consideration of the 20 MHz 
experimental bandwidth yields a measured value for the minimum detectable phase shift of 
200 x 1 o-6 rad/..JHz 0 Comparing this with the calculated value of the shot noise limited 
phase shift, 202 x 10-7 rad/..JHz, a difference of almost an order of magnitude is observedo 
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Figure 3: Ultrasonic pulse detected by the embedded fiber optic sensor. Amplitude of 
ultrasound is 45 mV, while the noise amplitude is 3 mV. 
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Figure 4: Fringe amplitude for very large phase shifts of the embedded fiber optic sensor. 
The quadrature offset voltage is seentobe 1.025 V. 
The noise sources which contribute to the discrepancy between the measured minimum 
detectable phase shift and the shot noise limited phase shift could include contributions from 
the Iaser, stabilization electronics, and detector electronics. Further investigation is required 
to determine the actual sources of noise in order to improve the overall system performance. 
Fizeau interferometer for surface displacements: The surface displacement was 
measured on the free surface opposite the generation site by the Fizeau interferometer. 
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Comparing the ultrasonic signal amplitude measured at the epoxy surface to the fringe 
amplitude of the Fizeau interferometer using Eq. (6), the absolute magnitude of the surface 
displacement was found to be 11.6 nm. As discussed, the measured surface displacement 
represents twice the displacement of the bulk waveform. This must be considered along 
with the epoxy attenuation (12 dB/cm at 5 MHz) to estimate the ultrasonic displacement at the 
embedded fiber sensor, located 0.5 cm from the measurement surface. Once these factors 
are considered, the ultrasonic signal shown in Figure 3 is estimated to represent a 11.6 nm 
displacement. Consequently, the smallest displacement which can be measured using the 
current system is estimated from the noise amplitude in Figure 3 to be 0.8 nm. 
The minimum detectable displacement of a typical piezoelectric transducer is 0.1 pm 
[7]. Comparing this value to the minimum detectable displacement measured using the 
current fiber optic system, 0.8 nm, it is seen that the piezoelectric device yields a greater 
sensitivity. However, since the minimum detectable phase shift of the current system is 
almost an order of magnitude greater than the shot noise limited value, there is still potential 
to improve the fiber sensor sensitivity. 
CONCLUSIONS 
In this work the minimum detectable phase shift of an embedded fiber optic sensor 
has been measured and calculated. The smallest measurable phase shift was found to be 
almost an order of magnitude greater than the shot noise limited phase shift. Further 
investigation is required tobring the sensitivity of the current system closer to the shot noise 
Iimit. The displacement corresponding to the minimum detectable phase shift at the 
embedded sensor was estimated through the use of a Fizeau interferometer which measured 
surface displacements. As expected, the fiber optic system displayed a lower sensitivity than 
a typical piezoelectric transducer. However, there is still potential to bring the noise Ievel of 
the present system closer to the calculated shot noise Iimit and thereby increase the sensitivity 
ofthe system. Moreover, the small size, high temperature capability, and electromagnetic 
immunity of the fiber sensor are some of the factors that make these sensors attractive. 
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